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A Steinberg-Guinan model for High-Pressure Carbon, Diamond Phase

Daniel Orlikowski*, Alfredo A. Correa®, Eric Schwegler® and John E. Klepeis™

*LLNL, P.O. Box 808, L-45, Livermore, CA 94551-0808

Abstract. Since the carbon, diamond phase has such a high yield strength, dynamic simulations must
account for strength even for strong shock waves (~ 3 Mbar). We have determined an initial parametrization
of two strength models: Steinberg-Guinan (SG) and a modified or improved SG, that captures the high
pressure dependence of the calculated shear modulus up to 10 Mbar. The models are based upon available
experimental data and on calculated elastic moduli using robust density functional theory. Additionally, we
have evaluated these models using hydrodynamic simulations of planar shocks experiments.
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INTRODUCTION

With the pursuit of obtaining experimental pressures
beyond 15 Mbar, there is significant interest and ef-
fort in characterizing not only the objective mate-
rial, like hydrogen, but also all the support materi-
als, which must have an equal level of characteriz-
ing and modeling. One such material is the carbon
diamond phase, that is experimentally stable up to
3 Mbar[1] and theoretically stable to ~10 Mbar at
ambient temperature[2]. Since diamond is expected
to have a high yield strength[3, 4, 5], it cannot be ig-
nored in the modeling and design-work of future ex-
periments, even to very high pressures (= 3 Mbar).
We intend here to initiate a parametrization for a
high-pressure, strength model, specific to the carbon
diamond phase.

The strength of diamond has been investigated but
never conclusively determined at ambient pressure
Yo = 0.35 Mbar[3], but at pressures near 2 Mbar
Yy = 1.3 — 1.4 Mbar has been experimentally deter-
mined at 7 = 300 K[4]. The theoretical calculations
also have been performed giving an upper bound of
Yy = 0.95 —2.0 Mbar for P = 0 to 3 Mbar][6, 5]. Fur-
thermore, other considerations must be understood
for dynamic simulations. Little is known about the
high-pressure mechanism that underlies the observed

two wave structure in shock wave experiments, i.e.
brittle or ductile response. Additionally, a tempera-
ture transition from brittle to ductile response is ex-
pected near 2000 K at ambient pressure[7]. From cal-
culations a transformation to a graphite-like phase
has been shown for high shear stresses[8]. And con-
sidering that under high confinement and under a
slow strain-rate, a transition from brittle to ductile
behavior may occur[9], thus complicating the mod-
eling efforts, at this time. Therefore, in light of the
these unknowns, currently, the most accommodating
model is the Steinberg-Guinan model.

This work is part of a larger effort that is presented
in these proceedings towards the understanding of
the high-pressure response of carbon in general, due
to either shock or ramp wave loading. We present
the methodology of determining two strength mod-
els, and have performed hydrodynamic simulations
to evaluate the parametrization as compared to avail-
able free surface particle velocity histories.

METHODOLOGY & SIMULATIONS
The parametrization of two strength models is

given—the Steinberg-Guinan (SG)[11] and the
improved SG (ISG) models. This is based upon



limited experimental evidence and upon robust
first-principle calculations of the elastic moduli
for diamond. In these models we ignore strain-rate
effects and focus on the shear modulus and the yield.

For the constitutive modeling, the longitudi-
nal stress as given by the von Mises criterion is
o(PT) =P+ %Y(P, T). The SG model describes
the yield strength Y as a scaled quantity by the shear
modulus

Y(P,T)<Yo[G(P,T)/Go] (1)
G(RT):Go{1+A0P(n)’1/3+Bo(T—3OO)} 2)

and Gp = G(P = 0,T = 300 K) and where n =
p/po.[11] The two constants Ag = 1/Go(dG/dP)
and By = 1/Go(dG/dT) are evaluated at ambient
conditions P = 0 and 7 = 300 K. The SG model
ignores strain-rate effects.

In considering the pressure dependence of the SG
model with respect to the DFT based calculations of
G(P,T ~0K) in Fig. 1, a second model, an improved
SG (ISG) model, is described here. To agree with the
pressure dependence of calculated G(P,T =~ 300K),
a function f(n) = 1+ exp [ttisg(N — Nisg)] is intro-
duced that softens the high-pressure dependence of
the SG model to one that is more linear in nature and
is written as follows:

G(P.T) = Go { [1+40P(m) "] £(m)
+ (L= £(M)) [Aisg + Misgn] +Bo(T —300)} . (3)

The constants Qisg, Nisg, Aisg and M;,g are determined
by fitting to the calculated G(P,T ~ 0 K).

The shear modulus, either Eqn. 2 or 3, is
parametrized in two separate ways through ambient
experimental values and through calculated single-
crystal, elastic moduli over a range of pressure, using
robust density functional theory (DFT)[13, 14] via
ABINIT plane-wave code[15]. The presented cal-
culations are similar to the equation-of-state (EOS)
calculations used in determining the high temper-
ature and pressure phase diagram[2]. The DFT
calculations were performed using norm-conserving
pseudo-potential[16] with the generalized gradi-
ent approximation (GGA).[17] A 10 x 10 x 10
k—point Monkhorst-Pack[18] mesh was used to
sample the irreducible Brillouin zone. The energy
cut off was determined to be 35 Ha. For the elastic
moduli C' = %(C” — C12) and Cy4, tetragonal and

TABLE 1. A comparison of available elastic mod-
uli data at ambient conditions and 7 ~ 0 K for the
calculations (bottom 2 lines). The variation between
calculations are due to differences in the determined
lattice parameters used (6.729 a.u. (here) versus 6.743
a.u.[19])..

Cn Ci2  Cyq (Mbar)
McSkimin[21] 10.79 1.24 5.78
Grimsditch[22] 10.76  1.25 5.77
Mounet (GGA)[19] 106  1.25 5.62
Correa (GGA) 104  0.89 5.65

orthorhombic distortions (respectively) to the unit
cell are performed with finite displacements less
than 0.01 a.u. for 21 volumes spanning 42.88 to
15.63 a.u. The elastic moduli at P = 0 are compared
in Table 1.

To obtain an aggregate polycrystalline G(P,T), we
have used the Voigt average Gy = %(C” —Cp +
3Cu4). The DFT calculated Gy (P,T ~ 300) is com-
pared in Fig. 1 to a parametrization of the SG model
based on the DFT calculations at ambient pressure,
demonstrating the significant disagreement of the SG
model with increasing P. This is expected since it
would be quite remarkable to have ambient quanti-
ties describe material properties at >50% compres-
sion.

For the temperature dependence of the elastic
moduli, there are developed methods that are ei-
ther within the quasi-harmonic limit or that com-
pletely capture the anharmonic effects[20]. How-
ever, partly due to the computational effort and
partly to little understanding beyond the Hugoniot
elastic limit(HEL), we use experimentally deter-
mined temperature derivative at ambient pressure to
parametrize the models. Using McSkimin[21] val-
ues with Voigt averaging gives Ay = 0.44 Mbar~!,
By = 0.15¢ —4 K~!, and Gy = 5.378 Mbar. The
same parameters based on the DFT elastic moduli are
Ap = 0.43 Mbar~!, and Gy = 5.29 Mbar agreeing to
~ 2% (there is no temperature dependence calculated
as yet). Using Eqn. 3 to fit the DFT shear modulus in
Fig. 1 gives a parameter set of Ag = —0.43 Mbar ™!,
Qjsg = 3.47, Nisg = 0.88, Aisg = —0.596, and Misg =
1.588.

To calculate the yield Y(P,T), we follow the SG
model Eqn. 1. For the Y, we can only give a lower
bracket and then make some adjustments in compar-
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FIGURE 1. The pressure dependence only of the shear
modulus for the parametrized SG model based upon DFT
calculations at P=0 ( dashed line) is compared to the cal-
culated via DFT G(P,T ~ 0 K) (circles). This exemplifies
the limited range of applicability for the SG model. The
solid-line is the fit to the DFT calculation using Eqn. 3.
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FIGURE 2. The Hugoniot stress versus compression
n comparing the theoretical estimates to the experi-
mental data: (solid circles)[23], (solid squares)[24], and
(open squares)[25]. The dashed-line is an empirically
parametrized SG model and the solid-red-line is the ISG
model based on DFT. Both are added to the hydrostat from
the calculated EOS[26].

ison to the 1-dimensional particle velocity histories
presented below. An estimate for Yy ~ 0.35 Mbar
analyzing silicon and germanium has been given[3].
Shock experiments have been performed as well up
to 0.5 Mbar where the Hugoniot state was deter-
mined still to be elastic[27]. Other shock experi-
ments give an estimate of ¥y ~ 0.63 Mbar[24]. From
diamond-anvil compression (DAC) Yj seems to be in
the range of 1.3 — 1.4 Mbar at P ~ 2 and at ambient
temperatures[4]. Calculations give the ideal yield to
be Yp < 200 Mbar[5], thereby giving an upper limit.
From the data of McWilliams[25] (Fig. 2), we obtain
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FIGURE 3. Top: A comparison between experimental
(solid line) and simulated Uy is given. The experimental
single-crystal sample is oriented in < 100 > and is 84 um
thick. The SG model (dashed line) and ISG (dot-dashed
line) both with Yy = 0.8 Mbar have an elastic wave am-
plitude either above or below respectively to the experi-
mental wave. By varying the Y to 0.7 Mbar with the SG
model better agreement is obtained with the experiment,
however the second wave is running significantly faster
than experiment. Bottom: The experiment (solid line) with
single-crystal oriented in < 111 > and with thickness of
202 um is compared to a simulation using the SG model
and Yy = 0.7 Mbar. The two wave structure in this case
compares much less favorably (see text).

Yo = 0.7 — 0.8 Mbar in comparison to the theoret-
ical hydrostat[26]. Considering that it is above the
dynamic and just below the static observations and
considering thermal softening along the Hugoniot as
well, our value of Y is very reasonable.

In the following we examine the parametrization
from the previous section through 1-dimensional pla-
nar shock simulations of polycrystalline diamond
comparing with experimental free-surface particle
velocities Uy which are single-crystal with a given
orientation[25]. Though really these should not be
compared, it does provide a guide to the performance
of the current parametrization. In Fig. 3 we compare
the simulated shock Uy and the experimental Uy at
the free surface. The experimental Uy indicate two
wave structures, which is associated with an instabil-
ity do/dp < 0, due to an elastic-plastic (e-p) transi-
tion in this case. In Fig. 3 we have initially varied the
model from SG to ISG with Yy = 0.8 Mbar, which



brackets the elastic peak Uy. By noting that the sec-
ond wave speed in SG model is slower than ISG, but
still significantly faster than the experiment, then we
varied the Yp to understand any sensitivity. By fix-
ing Yy = 0.7 Mbar and the model to SG, we have
simulated other experiments similar to Fig. 3. From
the experiments the <I111> crystal orientation had
consistently a lower e-p transition compared to the
<100> and <110> orientations, due the great num-
ber of slip planes available. Comparing an isotropic,
polycrystalline diamond model with single-crystal
data, deficiencies are expected, until more appropri-
ate, constraining data is available. Also, even in the
highest pressures (not shown) of ~ 4.5 Mbar, the ex-
periments indicate a two wave structure with a small
time difference between the first and second wave,
while the simulations waves are over-driven, i.e. a
single shock wave. This may be due the single versus
polycrystalline effects, like the shear modulus aver-
aging.

In conclusion, an initial parametrization of two
strength models, SG and ISG, have been performed
based upon robust DFT calculations of the elastic
moduli up to 10 Mbar and empirical observation for
Yo. With this, we have performed hydrodynamic 1-D
simulations of a isotropic, polycrystalline diamond
and have compared them to single crystal diamond
experiments as a rough indicator to the models per-
formance. Despite the limited information, the model
captures the general features of the shock wave, and
is expected to be comparable for polycrystalline dia-
mond samples.
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